Objectives To explore treatment behaviours in a cohort of Italian patients with hereditary angioedema due to complement C1-inhibitor deficiency (C1-INH-HAE), and to estimate how effects and costs of treating attacks in routine practice differed across available on-demand treatments. Design Cost analyses and survival analyses using attacklevel data collected prospectively for 1 year. setting National reference centre for C1-INH-HAE. Participants 167 patients with proved diagnosis of C1-INH-HAE, who reported data on angioedema attacks, including severity, localisation and duration, treatment received, and use of other healthcare services. Interventions Attacks were treated with either icatibant, plasma-derived C1-INH (pdC1-INH) or just supportive care. Main outcome measures Treatment efficacy in reducing attack duration and the direct costs of acute attacks. results Overall, 133 of 167 patients (79.6%) reported 1508 attacks during the study period, with mean incidence of 11 attacks per patient per year. Only 78.9% of attacks were treated in contrast to current guidelines. Both icatibant and pdC1-INH significantly reduced attack duration compared with no treatment (median times from onset 7, 10 and 47 hours, respectively), but remission rates with icatibant were 31% faster compared with pdC1-INH (HR 1.31, 95% CI 1.14 to 1.51). However, observed treatment behaviours suggest patterns of suboptimal dosing for pdC1-INH. The average cost per attack was €1183 (SD €789) resulting in €1.58 million healthcare costs during the observation period (€11 912 per patient per year). Icatibant was 54% more expensive than pdC1-INH, whereas age, sex and prophylactic treatment were not associated to higher or lower costs. Conclusions Both icatibant and pdC1-INH significantly reduced attack duration compared with no treatment, however, icatibant was more effective but also more expensive. Treatment behaviours and suboptimal dosing of pdC1-INH may account for the differences, but further research is needed to define their role.
IntrODuCtIOn
Hereditary angioedema is most commonly due to genetic complement C1-inhibitor deficiency (C1-INH-HAE). Its prevalence is uncertain, with estimates ranging between 1 in 10 000 and 1 in 150 000 persons [1] [2] [3] [4] worldwide, whereas in Italy, minimum calculated prevalence was found to be 1:64 000.
5 C1-INH-HAE is characterised by periodic self-limiting oedema of the extremities, face, genitals, gastrointestinal and upper airway mucosa. All symptoms can cause temporary disability and are life-threatening because of asphyxiation when located at the larynx. Their pathophysiology is well defined 6 : C1-INH controls the activity of contact system enzymes, factor XIIa and plasma kallikrein. C1-INH deficiency facilitates contact system activation and local release of the vasoactive peptide bradykinin, responsible for oedema formation. 7 Frequency and severity of angioedema recurrences are highly variable and represent the main drivers of disease burden. In fact, due to the invalidating nature strengths and limitations of this study ► This study exploits data on 1508 hereditary angioedema attacks, prospectively collected over 1 year from 133 patients, out of a total sample of 167 patients. ► A number of statistical models have been explored to account for different assumptions in the data structure. ► In the absence of direct evidence from clinical studies, this study uses real-world data to estimate the relative effectiveness of plasma-derived C1-inhibitor and icatibant. ► Limitations of this study include that, since treatment for acute attacks was mostly self-administered at home, there is no way to control for patients seeking treatments inappropriately or in the absence of a true hereditary angioedema attack. ► The data did not include information on weight, and other patients characteristics, limiting the interpretation of the observed treatment patterns and the role of these characteristics on treatment costs and outcomes.
Open access of attacks, individuals with C1-INH-HAE suffer from severe deterioration in their quality of life. In addition, at the societal level, C1-INH-HAE causes substantial productivity losses due to missed time at school or work for patients and their caregivers, as well as long-term consequences for education attainment and careers. [8] [9] [10] Therapies for on-demand treatment (ODT) of C1-INH-HAE attacks are available, [11] [12] [13] [14] [15] [16] [17] and existing clinical guidelines recommend patients to treat all attacks at onset. 18 ODTs reduce the time a patient has angioedema and the risk of death for life-threatening attacks. 19 In Italy, two plasma derived and one recombinant C1-INH (Berinert, Cinryze, Ruconest), and the bradykinin receptor antagonist icatibant (Firazyr) are registered for ODT. However, Ruconest is not reimbursed by the Italian National Healthcare System, and its use remains marginal. Icatibant is delivered as prefilled syringe to be administered at a fixed dose of 30 mg, whereas plasma-derived C1-INH (pdC1-INH) is delivered in vials of 500 IU for a weight-based dose of 20 IU/Kg. The costs of ODTs are considerable ranging from €560 for 1 phial of pdC1-INH to €1695 for icatibant. Patients who do not reach adequate disease control on ODT can be switched to long-term prophylaxis (LTP), 18 with attenuated androgens or two times per week infusions of Cinryze. 17 20 Attenuated androgens have minimal cost, but side effects limit their use 21 whereas the yearly cost for Cinryze prophylaxis in Italy is about € 150 000 per patient, and can be prescribed only to patients requiring four or more ODTs per month. 22 Availability of treatments for C1-INH-HAE have played a fundamental role in reducing the health and societal burden of the disease 23 ; however, their high cost has raised several concerns among healthcare payers worldwide. 10 24 25 Indeed, budget constrained healthcare systems are increasingly concerned about demonstrating the value for money of new treatments as a must-have condition for coverage and reimbursement decisions.
However, to date there is still little knowledge on a number aspects that are relevant to make informed decisions for C1-INH-HAE treatments. These include (1) the average number of angioedema recurrences in patients with C1-INH-HAE, (2) treatment behaviours during attacks and (3) the relative effectiveness of available ODTs and their related costs. This study aims to fill this gap by analysing a population of patients with C1-INH-HAE in their real life followed prospectively for 1 year at the Milan angioedema centre in Italy.
MAterIAl AnD MethODs Patients
This is a prospective observational study conducted at Milan angioedema centre between 1 January and 31 December 2014. We evaluated 167 patients with C1-INH-HAE, who accurately recorded angioedema symptoms in diaries of attacks, which were subsequently validated by physicians. Diagnosis was based on family and/or personal history of recurrent angioedema, and on laboratory levels of C1-INH <50% of normal.
According to guidelines, all patients had ODT available at home and were recommended to use the treatment at onset of angioedema attacks. 18 Treatments with Cinryze and Ruconest cover less than 5% of the total ODTs in Italy and were not considered for the study.
The following data about angioedema attacks were recorded in a dedicated diary by patients every time that they experienced an attack: (1) time of onset of symptoms (defined as the time when patients recognise the presence of an angioedema); (2) time of complete resolution (defined as the time when patients recognise that angioedema is not present any more); (3) attack location (peripheral, abdominal, facial, laryngeal); (4) attack severity, defined as impairment on daily activities (mild for no impairment, moderate for partial impairment and severe for complete impairment); (5) medication(s) and dose(s) used for treating the attack, and time of administration; and (6) need for other medical assistance, diagnostic tests or emergency department visits.
No data were recorded that allowed to quantify productivity losses at the societal level such as days missed at work or school.
statistical analysis Patients and attacks characteristics
Patients' characteristics for the whole sample were summarised by reporting mean and median values for continuous data and frequencies (percentages) for categorical data. Attack data were reported for the whole sample and grouped by first-line treatment; χ 2 tests with a significance level at p<0.05 were applied to check for differences in the characteristics of attacks between ODTs.
Treatment effectiveness
Two different times to attack resolution were considered, starting from either the onset of symptoms or the time of administration of the first-line ODT. While the first one provides a measure of the relative effectiveness between treatment alternatives, the second allows for comparisons with attacks not being treated. This second time span also implicitly includes potential differences in the time to treatment between ODT drugs that may originate from the different routes of administration.
Standard Kaplan-Meier 26 estimates were used to estimate the mean and median times to resolution. Attack data were required to have complete information on the time (date and hour) of symptoms onset, the time of treatment administration and at least the day when the attack was reported as resolved. If the hour of the attack resolution was missing, the attack was considered censored at the latest time between the date of treatment administration and 00:00 hours of the reported day of resolution. Comparisons between treatments alternatives have been evaluated using log-rank test statistics, adjusted for attack site and attack severity. In addition, Cox proportional hazard models were fitted to estimate the contribution of a set of variables to the rate of attack resolution. The variables to be included in the model have been chosen using Open access a step function to find the model specification with the lowest Akaike information criterion. 27 The proportional hazard assumption has been investigated by calculating Pearson product-moment correlations and by visual inspection of residuals plotted against attack time.
Cost analysis
For the cost analysis of C1-INH-HAE attack, the perspective of the Italian National Health Service was taken. Consumption of resources in the database was identified through ICD-9-CM codes and linked to national tariffs for ambulatory services 28 as detailed in table 1. Drug costs have been estimated from official national reimbursement prices that represent the maximum price to which local hospitals can purchase treatment drugs. 29 30 Since not all patients registering an attack sought treatment, the cost data present a non-negative mass at 0 costs. To account for this, two-part models were used, which analyse the data in two separate steps. First, a logistic regression on all data was used to estimate the probability of seeking treatment, adjusted for patients' sex and age, attack site and attack severity; subsequently, a conditional regression was performed on attack data with positive cost values, evaluating the contribution of each predictor on the total attack cost. In this second step, we adjusted for patients age and sex, attack site and severity, ODT drug, and time from onset of symptoms to treatment.
Eight different models were fitted using both frequentist and Bayesian approaches. First, to account for the typical skewness of cost data, the second part of the model was parametrised using either a log-normal or a gamma distribution. 31 Second, since each patient recorded multiple attacks during the observation period, different assumptions on the structure of the data were made, by considering either a multilevel structure, accounting for within-patient correlations or a complete pooling of data. 32 In the first case, two distinct random effects for the intercept were estimated for each part of the model.
For Bayesian models, an initial run of 75 000 iterations was considered as 'burn in' (these values were discarded). Two independent chains, starting from randomly assigned values were run, and convergence was monitored by looking at the ratio of the within-chain to between-chain variance to be about one, and by using Heidelberger-Welch 33 and Gelman-Rubin 34 diagnostics. Following the approach proposed by Cooper et al, 35 retransformation of coefficients in the log-normal models was performed applying a non-parametric retransformation factor known as a 'smearing' estimator, 36 that avoids efficiency and consistency problems related to the non-normality of the error distribution.
To assess the predictive ability of each model, data were randomly split into a learning sample (90% of observations), which was used to fit the models, and a test sample (10% of observations), which was used for model validation. The predictive ability of each model was then assessed using the root mean square error (RMSE) criterion for the mean.
All analyses were performed using RStudio (V.3.4.0) and OpenBUGS (V.3.2.3).
Patient involvement
No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for the implementation of the study. No patients were asked to advise on interpretation or writing up of results. The results will be disseminated during the annual meeting of patients of the Italian Angioedema Association and on the dedicated website. results Descriptive results of the patients reporting attacks in the study period Table 2 reports the patient-level characteristics of the sample.
Of all 167 patients included in the study, 34 (20%) reported no attacks, whereas the remaining 133 registered 1508 angioedema attacks during the observation period. However, a high variability was found across patients, ranging from 1 to 126 attacks (IQR 14). Patients on LTP Open access accounted for 25% of all reported attacks. Overall, the distributions of attack frequencies were similar in patients with and without LTP ( figure 1A ,B, respectively). Particularly, the proportion of patients with ≤10 attacks was 68.8% for patients not on prophylaxis and 69.0% for patients on prophylaxis (69.1% in the whole sample). No additional data on LTPs were available for patients who reported no attacks during the observation period. Table 3 summarises the characteristics of attacks and their related treatments. Attacks were more often peripheral (47.6%), followed by abdominal attacks (39.4%), facial attacks (6.2%) and laryngeal attacks (4.8%). Of the total number of attacks, 1190 (78.9%) were treated with ODT, of which 704 with pdC1-INH (59.2% of treated attacks) and 486 with icatibant.
treatments effectiveness When using pdC1-INH, 30% and 40% of attacks were treated with a dosage considered appropriate for a weight of 25 and 50 kg, respectively (500 or 1000 IU). In addition, despite the recommended weight-based dosage, a certain amount of variability was observed within the same patients across attacks (online supplementary file 1). Lastly, for 318 (21%) attacks, patients received no treatment or just supportive care.
Forty-four attacks (2.9%) required a second treatment, and this proportion was found to be higher if the firstline treatment was icatibant compared with pdC1-INH (5.6% and 2.4%, respectively). Lastly, 131 attacks (8.7%) were treated in the emergency department, with all patients discharged within 4 hours. Laryngeal, abdominal and facial attacks were more frequently treated with pdC1-INH compared with icatibant (p<0.05).
Compared with no treatment, both icatibant and pdC1-INH significantly reduced overall attack times from onset to complete resolution of symptoms (χ 2 164, p<0.001) (table 4, figure 2A ). However, icatibant showed faster resolution times from treatment administration, compared with pdC1-INH (χ 2 10.6, p=0.001) (table 4, figure 2B ). 
Open access
The Cox proportional hazard model estimated that remission rates when using icatibant were 31% faster compared with pdC1-INH (HR 1.31, 95% CI 1.14 to 1.51) (table 5). Attack severity and attack site were not found to be associated with different remission rates, with the only exception for laryngeal attacks (HR 1.44, 95% CI 1.07 to 1.95). In addition, shorter time to treatment was associated with a small (2%) but significant positive effect on remission rates (HR 0.98, 95% CI 0.97 to 0.99), suggesting that each additional hour between onset of symptoms and treatment administration would increase the chance of a faster resolution by approximately 2%. Lastly, when comparing attack duration with icatibant and pdC1-INH versus no treatment, remission rates were found to be 2.5 times and 3 times higher (HR 3.16, 95% CI 2.62 to 3.80; and HR 2.45, 95% CI 2.05 to 2.93, respectively) (table 5).
Cost analysis
Total costs during the observation period amounted to €1.58 million, equivalent to slightly more than €11 900 per patient per year. The average cost for a single attack cost was €1183 (SD €789) including drug costs, emergency department visits and diagnostic tests.
The complete results of all cost models are reported in the online supplementary file 2. The model with the best predictive ability, based on RMSE, was a multilevel model with the second regression parameterised as a gamma distribution with a log link (RMSE=389.02).
Patients' sex, age and whether they were on LTP did not significantly influence the cost and were taken out of the model to improve predictive ability and fit.
Drug type was the most relevant cost driver. The unadjusted mean cost per attack was €1069 (SD €470) with pdC1-INH and €1651 (SD €469) with icatibant. After controlling for attack site and severity, the cost of treating Open access an attack with icatibant was still 54% higher than pdC1-INH ( figure 3 ). Facial, laryngeal and abdominal attacks tended to generate higher costs than cutaneous attacks (22%, 16% and 11%, respectively). Severe and moderate attacks were 30% and 17% more expensive than mild attacks. Lastly, the time between onset of symptoms and treatment administration was not found to be a significant predictor of higher or lower costs.
DIsCussIOn
This study analyses data from a population of 167 patients with C1-INH-HAE, and reports detailed information on 1508 attacks, including treatment behaviour, attack duration, received ODTs and use of other healthcare services. On average patients reported 11 attacks per year confirming the results of a previous prospective study on 103 patients, that found an average of 10 attacks during the same observation period. 37 The total cost per year in the population was €1.58 million, equivalent to slightly more than €11 900 per patient per year. The average cost for a single attack was €1183 (SD=€789), with variations mainly depending on ODT drug, attack severity and attack site. Particularly the cost for an attack treated with icatibant was found to be €1651 (SD €469), or 54% higher than pdC1-INH after controlling for attack site and severity. On the effectiveness side, this study confirms the efficacy of both ODTs on shortening attack duration. 16 38 39 In fact, remission rates after receiving icatibant and pdC1-INH were found to be 2.5 times and 3 times faster compared with no treatment. In addition, data showed that icatibant improved the chance of remission by 31% compared with pdC1-INH (HR 1.31, 95% CI 1.14 to 1.51). Nonetheless, a certain variability in the dosing of pdC1-INH was found within the same patients across attacks. Although patients' weight was not available in the data, this result seems to support the authors' experience that, despite weight-based recommended doses, patients treating attacks with pdC1-INH tend to self-administrate the minimum dose at onset (500 IU) and to take further vials only if the attack persists or progresses in severity.
There is a paucity of studies exploring attack frequency and treatment costs based on prospectively collected data at the attack level. A recent multicentre cluster-randomised controlled study 40 investigated the impact on resource use and quality-adjusted life years (QALYs) of a dedicated telephone care-management service for patients with C1-INH-HAE. Results showed that the Open access intervention significantly reduced the number of hospital admission in comparison with usual practice, thus leading to a reduction in overall hospital costs. The study also estimated lower expected drug costs over 2 years ($11 874 vs $12 496) and improvements in QALYs gained (1.42 vs 1.40), although these latter estimates were not statistically significant. Previous studies relied on a retrospective surveys to infer the average cost of acute attacks during 1 year. 41 42 In Italy, estimated healthcare direct costs from a survey of 17 patients using pdC1-INH at home were found to be almost double than the results of this study (€26 522 per patient per year). This difference is mainly attributable to different costs of ODTs, that may in turn be justified by different estimates in the number of attacks (not reported in the study).
In addition, while there exist clinical studies comparing icatibant and pdC1-INH to placebo, no direct evidence was found on the relative effectiveness of available ODTs. Since heterogeneous study protocols and small study populations hamper indirect and mixed treatment comparisons, this study provides useful insights on the real-world relative effectiveness of pdC1-INH compared with icatibant. This study has also several limitations. Since treatment for acute attacks was mostly self-administered at home, there is no way to control for patients taking ODTs inappropriately or in the absence of a true C1-INH-HAE attack. In addition, although all patients were recommended to report attacks at occurrence, reporting rates may have been different across patients, for example, depending on severity and attack frequency.
Consequently, it may be that the aggregated and per patient costs of attacks are not representative of the whole patient population in Italy. In addition, since the data did not include information on weight, the present study can only provide educated guesses on the potential patterns of undertreatment with pdC1-INH and its role on treatment costs and efficacy. A modified version of the report form has been implemented since January 2018 and will contribute to better explain patients' behaviours. A further limitation of the data used in this study is that no adjustments were possible for patient characteristics other than age and sex. Therefore, a word of caution is warranted in that differences in treatment costs and outcomes may be partially due to original imbalances in patients groups. Lastly, as with all registry data, recall bias issues may exist. Despite being a potential source of concern, these data still provide valuable information on a large sample of patients and attacks that would not have been feasible to obtain through other studies with more rigid data collection protocols.
The results of the study provide valuable insights that are relevant to clinicians and policy-makers. First, despite recommendations from clinical guidelines to treat all attacks at onset, 21% of the reported attacks were not treated with any available ODT. Second, average time from onset of symptoms to treatment was about 4 hours, and data suggest that this delay is associated with a small but significant negative effect on remission rates, confirming clinical recommendations on the need for early treatment. However, one of the possible reasons for Open access this delay is the sneaky onset of attacks that creates uncertainty on symptoms' interpretation, resulting in patients taking treatment when the attack severity has already progressed.
The observed variability in the dosing of pd-C1-INH largely explains the differences in costs across treatments, and it raises questions on whether the differential in effectiveness found between pdC1-INH and icatibant is due to inappropriate dosage with pdC1-INH. Indeed, a previous meta-analysis of controlled studies using plasma-derived and recombinant C1-INH showed a direct correlation between doses and efficacy. 43 Further research is needed to better explore potential patterns of undertreatment with pdC1-INH and its main determinants.
Lastly, 22% of the study population was treated with LTP during the observation period. Of these, almost 70% reported less than 10 attacks per year. Considering that in the study population LTP with attenuated androgens was prescribed only to patients with two or more attacks per months, these data provide further evidence in support to the effectiveness of LTP with attenuated androgens. Until 2010, attenuated androgens have been the only effective approach and were largely used despite significant side effects. 21 More recently, new studies supported the introduction of regular intravenous infusions of pdC1-INH (Cinryze). 17 This approach massively replaced attenuated androgens for LTP in the USA, whereas in Italy, its use remains limited. Nonetheless, LTP with Cinryze is far more expensive than attenuated androgens 44 calling for appropriate cost-effectiveness studies to demonstrate its value for money and to inform clinical guidelines. The results presented in this study may be used to populate future economic evaluations to inform decision-making on both prophylactic and ODTs.
COnClusIOn
The study defined the direct costs and relative efficacy of ODTs in an Italian population of patients with C1-INH-HAE. Both icatibant and pdC1-INH significantly reduced attack duration compared with no treatment. Treatment with icatibant was more effective than pdC1-INH, but also significantly more expensive. Further research is needed to understand the role played by treatment behaviours and specifically suboptimal dosing of pdC1-INH.
